arXiv:hep-ph/0403059 v1 5 Mar 2004

Implications of SNO and BOREXINO results on Neutrino Oscillations and Majorana Magnetic Moments

S. K. Kang^a and C. S. Kim^b aSchool of Physics, Seoul National University, Seoul 151-734,Korea bDepartment of Physics, Yonsei University, Seoul 120-749, Korea (Dated: March 5, 2004)

Abstract

Using the recent measurement of SNO salt phase experiment, we investigate how much the solar neutrino flux deficit observed at SNO could be due to ν_e transition into antineutrino. Our analysis leads to rather optimistic conclusion that the SNO salt phase data may indicate the existence of Majorana magnetic moment. The prospect for the future BOREXINO experiment is also discussed.

PACS numbers: 14.60.Pq, 14.60.St, 13.40.Em

In addition to the solar neutrino experiment at Super-Kamiokande (SK) [1], the recent neutrino experiments at Sudbury Neutrino Observatory (SNO) [2, 3, 4] and KamLAND [5] indicate that the long-standing solar neutrino problem, discrepancy between the prediction of the neutrino flux based on the standard solar model (SSM) [6] and that measured by experiments, can be resolved in terms of neutrino oscillations. Both the experiments, SNO and SK, probe the high energy tail of the solar neutrino spectrum, which is dominated by the^8B neutrino flux. The water Cerenkov experiments from Super-Kamiokande (SK) [1] has observed the emitted electron from elastic scattering (ES) ν_x + e → ν_x + e, (ν_x = ν_e, ν_μ, ν_τ ), while SNO has measured the neutrino flux through the charged current (CC) process ν_e + d → p + p + e, the neutral current (NC) process ν + d → ν + p + n, and ES process given in the above. Very recently, SNO has measured the total active^8B solar neutrino flux with dissolved NaCl in the heavy water to enhance the sensitivity and signature for NC interactions [4]. The results of the solar neutrino flux measured at SK and SNO are given in Table 1. Note that the SNO salt data I in Table 1 presents solar neutrino fluxes detected through CC, ES and NC without the constraint of an undistorted 8B energy spectrum, while the SNO salt data II presents solar neutrino fluxes by adding the constraint. Based on a global analysis in the framework of two-active neutrino oscillations of all solar neutrino data and KamLAND result, the large mixing angle (LMA) solution is favored and oscillations into a pure sterile state are excluded at high confidence level [7]. It also appears that all non-oscillation solutions of the solar neutrino problem are strongly disfavored [8, 9].

The spin flavor precession (SFP) solution of the solar neutrino problem [10], motivated by the possible existence of nonzero magnetic moments of neutrinos, has attracted much attention before the KamLAND experiment. Although the KamLAND result excludes a pure SFP solution to the solar neutrino problem under the CPT invariance, a fraction of the flux suppression of solar neutrino may still be attributed to SFP [11]. In this respect, we believe that the detailed investigation on how much the flux suppression of solar neutrino can be attributed to SFP will lead us to make considerable progress in understanding the solar neutrino anomaly as well as the inner structure of the Sun. In addition, the observation of solar active antineutrino flux must be a signature for the existence of Majorana neutrinos and working of SFP inside the Sun [10, 12]. Recently, we have investigated a possibility to resolve the solar neutrino anomaly observed from the solar neutrino experiments in terms

Experiment (interaction : flux Φ^{int}_{exp}) SK (ES : 2.35 ± 0.08) Old SNO (ES : 2.39 ± 0.27) (CC : 1.76 ± 0.11) (NC : 5.09 ± 0.62) SNO salt I (ES : 2.21 ± 0.30) (CC : 1.59 ± 0.11) (NC : 5.21 ± 0.47) SNO salt II (ES : 2.13 ± 0.32) (CC : 1.70 ± 0.11) (NC : 4.90 ± 0.37)

TABLE I: Solar neutrino flux measured at SK and SNO in the unit of 10^6cm^{−2}s^{−1} .

of the combination of the neutrino oscillations and the neutrino spin-flavor conversions [13]. To achieve our goal, we have proposed a simple and model-independent method to extract information on ν_e transition into antineutrinos via SFP from the measurements of 8B neutrino flux at SNO and SK, and showed how much the solar neutrino flux deficit observed at SNO and SK could be due to ν_e transition into antineutrino. As has been seen, in particular, our determination of the mixing between non-electron active neutrino and antineutrino is not affected by the existence of transition into a sterile state [13].

In this letter, we shall update the analysis based on the recent measurement of SNO salt phase experiment and investigate how large the transition of solar ν_e into non-electron antineutrinos could be responsible for the deficit of solar neutrino flux. As will be shown, our analysis leads to rather optimistic conclusion that the SNO salt phase data may indicate the existence of Majorana magnetic moment.

Let us begin by considering how the experimental measurement of the solar neutrino flux can be presented in terms of the solar neutrino survival probability. The excess of NC and ES can be caused not only by the active neutrinos but also by the active antineutrinos. The antineutrinos in question are mostly of the muon or tau types because of no observation of ν̄_e [15]. Both ν_{μ,τ} and ν̄_{μ,τ} scatter on electrons and deuterium nuclei through their NC interactions, with different cross sections. Assuming the SSM neutrino fluxes, Φ_{SSM} = 5.05^{+1.01}_{−0.81} × 10^6cm^{−2}s^{−1}, and the transition of ν_e into a mixture of active (anti-)flavor ν_{a(ā)} and sterile ν_s that participate in the solar neutrino oscillations, one can write the SNO ES, CC and NC scattering rates relative to the SSM predictions in terms of the survival probability [16, 17]:

R^{ES}_{SNO} ≡ Φ^{ES}_{SNO}/Φ_{SSM} = f_B [ P_{ee} + r sin^2 α sin^2 ψ(1 − P_{ee}) + r̄ sin^2 α cos^2 ψ(1 − P_{ee}) ] , (1) R^{CC}_{SNO} ≡ Φ^{CC}_{SNO}/Φ_{SSM} = f_B P_{ee}, (2) R^{N C}_{SNO} ≡ Φ^{N C}_{SNO}/Φ_{SSM} = f_B [P_{ee} + sin^2 α(1 − P_{ee})], (3)

where r ≡ σ^{N C}_{νa} /σ^{CC+N C}_{νe} ≃ 0.154 and r̄ ≡ σ^{N C}_{ν̄a} /σ^{CC+N C}_{νe} ≃ 0.114 for a threshold energy of 5 MeV [18], and P_{ee} is the ν_e survival probability. Here sin^2 α indicates the fraction of ν_e oscillation to active flavor ν_a, whereas ψ is a mixing angle that describes the linear combination of the probabilities of ν_e conversion into ν_a and ν̄_a . Since there is a large uncertainty in the predicted normalization of Φ_{SSM}, arising from the uncertainty in the 7Be + p →^8B + γ cross-section, we have introduced a constant parameter f_B to denote the normalization of the^8B neutrino flux relative to the SSM prediction. We assume a common survival probability for all the three measurements. Using the measured values of the rates R, we can estimate the allowed regions of the quantities f_B , P_{ee} and α. In particular, the fraction of ν_e oscillation to ν_a is described by the relation [16, 17],

sin^2 α =

R^{N C}_{SNO} − R^{CC}_{SNO} f_B − R^{CC}_{SNO}

. (4)

Imposing the SSM constraint f_B = 1 ± 0.18 [16] and the experimental results for the ratios R^′s, we obtain sin^2 α = 1.05 ± 0.32. (5) We see that the evidence for transitions to active neutrinos is at the 3.3σ C.L., but large sterile fractions are still allowed.

From Eqs. (1,2,3), we see that the mixing angle ψ is related with the measured neutrino fluxes as follows:

r sin^2 ψ + r̄ cos^2 ψ =

R^{ES}_{SNO} − R^{CC}_{SNO} R^{N C}_{SNO} − R^{CC}_{SNO}

, (6)

where we have assumed that sin^2 α is non-zero. The expression (6) shows that the determination of the mixing angle ψ is independent of nontrivial sin^2 α, and the precise measurements of R^{ES}_{SNO}, R^{N C}_{SNO}, R^{CC}_{SNO} as well as the values of r and r̄ make it possible to see how much the solar neutrino flux deficit can be caused by SFP. We note that any deviation of the value of sin^2 ψ from one implies the evidence for the existence of ν_e transition into non-sterile antineutrinos, and if there is no transition of solar neutrino due to the magnetic field inside the sun, the left-hand side of Eq. (6) should be identical to the parameter r. To obtain the values for the right-hand side of Eq. (6), we consider two combinations of the experimental results measured through CC, ES and NC interactions :

(a) SNO salt data phase I : (Φ^{CC}_{SNO}, Φ^{ES}_{SNO}, Φ^{N C}_{SNO}), (b) SNO salt data phase II : (Φ^{CC}_{SNO}, Φ^{ES}_{SNO}, Φ^{N C}_{SNO}),

and then the results are given as follows:

Eq. (6) ⇒

(a) 0.171 ± 0.089 , (b) 0.134 ± 0.105 . (7)

Since r̄ ≤ r sin^2 ψ + r̄ cos^2 ψ ≤ r, we notice that the left-hand side of Eq. (6) prefers to lower sides of Eq. (7), and leads to

sin^2 ψ =

(a) 1.43 ± 0.33 , (b) 0.51 ± 0.39 . (8) From Eq. (8), we see that both pure active neutrino oscillation and neutrino oscillation+SFP are allowed for the SNO salt data I (combination (a)) within 2σ level, whereas the SNO salt data II ( combination (b)) shows that the existence of solar ν_e transition into ν̄_a is at 1.3σ although the pure active neutrino oscillation is allowed within 2σ. Therefore, only new SNO data constrained by undistorted^8B neutrino spectrum implies an evidence for the existence of the spin-flavor transition due to Majorana neutrino magnetic moment in the solar neutrino fluxes. We note that the main reason for sin^2 ψ > 1.0 in the case of (a) is due to large deviation of CC flux from ES one. Thus, the precise determination of the central values of each flux as well as reduction of the uncertainties will lead us to precisely probe the existence of the solar neutrino transition into antineutrino in the above way. In this analysis, we have taken into account only SNO salt phase results. If we replace the SNO ES rates with the SK ES one as done in [13], the value of sin^2 ψ comes out to be very large because the flux of SK ES is rather larger than those of SNO salt ES as shown in Table I.

Let us briefly discuss the prospect for future experiment, BOREXINO, which will detect the medium energy^7Be,CNO and pep solar neutrinos through ES interaction [19]. Assuming that the observed flux deficit of solar neutrinos is due to the combination of neutrino oscillations and SFP transitions, we can predict R^{ES}_{BOR} = Φ^{ES}_{BOR}/Φ_{SSM}. In order to do that, we first determine the survival probability of the medium energy neutrinos by comparing Homestake event rate [20] with the SNO CC result. Since the fractional contributions of the high energy^8B and the medium energy neutrinos to the^{37}Cl signals are 76.4% and 23.6%,respectively, the measured rate divided by the SSM prediction for the Homestake experiment R_{Cl} with oscillations is given by

R_{Cl} = 0.764 f_BP^B_{ee} + 0.236 P^M_{ee} (9)

where P^B_{ee} is the survival probability for^8B neutrinos, whereas P^M_{ee} is that for the medium energy neutrinos. Since f_B P^B_{ee} is equivalent to R^{CC}_{SNO}, we can obtain the numerical value of P^M_{ee} by using the experimental results for R^{CC}_{SNO} and R_{Cl}:

P^M_{ee} =

(a) 0.409 ± 0.105 , (b) 0.338 ± 0.105 .

(10)

Similar to the SNO measured rates, by allowing both neutrino oscillation and SFP transitions, the BOREXINO ES rate relative to the SSM predictions in terms of the survival probability is presented as

R^{ES}_{BOR} = P^M_{ee} + sin^2 α(r sin^2 ψ + r̄ cos^2 ψ)(1 − P^M_{ee} ) , (11)

where r ≃ 0.213 and r̄ ≃ 0.181 for^7Be neutrinos. Using the above results Eqs.(5,8), we can obtain

R^{ES}_{BOR} =

(a) 0.549 ± 0.117 , (b) 0.475 ± 0.116 .

(12)

It can be interesting to compare the above with the predictions for pure neutrino oscillation cases (sin^2 ψ = 1) which are given by

R^{ES}_{BOR} =

(a) 0.541 ± 0.116 , (b) 0.486 ± 0.117 .

(13)

We note that the main uncertainties in (12,13) are due to the uncertainty in P^M_{ee} . From the above results, we see that it might be difficult to discriminate between pure oscillation solution and oscillation + SFP solution unless the future BOREXINO experiment measures R^{ES}_{BOR} with the uncertainty δR^{ES}_{BOR} ∼ 2 − 3%. If the future SNO experiment could reduce the errors in the flux measurements to about 50%, then the uncertainty on sin^2 ψ becomes δ sin^2 ψ ≃ (a)0.17 (b)0.19 and if the errors in P^M_{ee} could be reduced to 30%, the uncertainties in the prediction for R^{ES}_{BOR} becomes about δR^{ES}_{BOR} ≃ 0.05 which is still a little large to see whether there exists an evidence for the existence of spin-flavor transition from BOREXINO experiment. However, since oscillation + SFP solution prefers lower value of R^{ES}_{BOR}, if the future BOREXINO will measure R^{ES}_{BOR} ≤ 0.37, it might be an indirect evidence for the existence of Majorana neutrinos and working SFP mechanism in the Sun. In addition, we hope that the future BOREXINO experiment would make us to decide which case of SNO data set between (a) and (b) is more relevant.

In summary, we have examined in a simple and model-independent way how much the ν_e transition into antineutrinos could be in the solar neutrino flux. The SNO salt data constrained by an undistorted^8B energy spectrum indicates the existence of Majorana magnetic moment and working SFP mechanism within about 1σ level, while the SNO salt data without that constraint allows both pure active neutrino oscillation and the effect of SFP within 2σ level. The prospect for the future BOREXINO experiment has been discussed.

S.K.K is supported by BK21 program of the Ministry of Education in Korea. The work of C.S.K. was supported by Grant No. R02-2003-000-10050-0 from BRP of the KOSEF.

[1] S. Hukuda et al. [Super-Kamiokande Collab.], Phys. Rev. Lett. 86, 5656 (2001); Phys. Lett.

B539, 179 (2002).

[2] Q. Ahmad et al. [SNO Collab.], Phys. Rev. Lett. 87, 071301 (2001). [3] Q. Ahmad et al. [SNO Collab.], Phys. Rev. Lett. 89, 011301 (2002). [4] S. Ahmed et al. [SNO Collab.], arXiv:nucl-ex/0309004.

[5] K. Eguchi et al. [KamLAND Collab.], Phys. Rev. Lett. 90, 021802 (2003). [6] J. Bahcall et al., Astrophys. J. 555, 990 (2001). [7] V. Barger et al., Phys. Lett. B537, 179 (2002).

[8] M. Maltoni et al., arXiv:hep-ph/0212129; G.L. Fogli et al., arXiv:hep-ph/0211414. [9] For analyses including solar neutrino decay, see J. Beacom and N. Bell, Phys. Rev. D65, 113009 (2002); A. Bandyopadhyay et al., Phys. Lett. B555, 33 (2003).

[10] J. Schechter et al., Phys. Rev. D24, 1883 (1981); A. Balantekin et al., Phys. Rev.

D41, 3583 (1990); A. Balantekin et al., Phys. Rev. D45, 1059 (1992); E. Akhmedov, arXiv:hep-ph/9705451; E. Akhmedov et al., Phys. Lett. B485, 178 (2000); J. Barranco et al., Phys. Rev. D66, 093009 (2002); A. Friedland and A. Gruzinov, Astropart. Phys. 19, 575 (2003).

[11] E. Akhmedov et al., Phys. Lett. B553, 7 (2003). These authors considered SFP effect in perturbation theory.

[12] S. Dev and S. Kumar, arXiv:hep-ph/0308054; O. Miranda et al., arXiv:hep-ph/0311014. [13] S.K. Kang and C.S. Kim, arXiv:hep-ph/0306210.

[14] Y. Gando et al. [Super-Kamiokande Collab.], Phys. Rev. Lett. 90, 171302 (2003). [15] P. Vogel et al., Phys. Rev. D60, 053003 (1999).

[16] V. Barger et al., Phys. Rev. Lett. 88, 011302 (2002); V. Barger et al., Phys. Lett. B537, 179 (2002).

[17] A. Aguilar-Arevalo et al., Phys. Rev. D66, 113009 (2002); A. Bandyopadhyay et al., Phys.

Lett. B540, 14 (2002); P.C. de Holanda et al., arXiv:hep-ph/0211264. [18] J. Bahcall et al., Phys. Rev. D51, 6146 (1995). [19] E. Meroni, Nucl. Phys. Proc. Suppl. 100, 42 (2001). [20] B. Cleveland et al., Astropart. Phys. 496, 505 (1998).